The activation and recovery phases of the murine rod photoresponse were determined from cornea1 electroretinograms (ERGS) obtained in response to pairs of full-field flashes producing 50-IO5 photoisomerized rhodopsins (R*) per rod. The a-wave component of the ERG in response to the initial flash provided a well established measure of the activation phase of the rod response. The amplitude of the a-wave response to an intense second flash (45,000 R*) delivered 0.2-5 seconds (s) after the first flash was used to reconstruct the recovery phase of the response. For 160-3000 R' rod-', recovery curves were isomorphic, translating on the time axis such that each e-fold increase in R* produced an incremental recovery delay of TV = 210 ? 50 ms [mean 5 SD). For initial flashes producing >3000 R', recovery curves lost their initial isomorphism and half-times had intensity dependence exceeding 1 s per e-fold increase in R*. We conclude that for flashes producing <3000 R", the effective lifetime of these R* is not >210 ms. Two extant and non-mutually exclusive hypotheses are discussed that can account for the sharp increase in recovery times from flashes producing >3000 R*. They are as follows: (I) -0.03% of R have a lifetime exceeding 1 s; and (2) the y subunit of phosphodiesterase (PDE,) serves as a GTPase-activating factor, and 3000 R' produce sufficient activated G-protein (G*) to exceed the total quantity of PDE, subunits such that excess G" must wait for unoccupjed PDE, to inactivate via GTP hydrolysis.
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The biochemical events underlying the activation of the phototransduction cascade in vertebrate photoreceptors are wefl established (Pugh and Lamb, 1993; Yau, 1994; Hofmann, in press ). Moreover, recent investigations have shown that models of activation based on the estabtished biochemistry can provide quantitatively accurate accounts of the amplification and kinetics of the electrical responses of individual vertebrate rods (Lamb and Pugh, 1992; Kraft et al., 1993; Pugh and Lamb, 1993) and of the a-wave of the human clectroretinogram (ERG) (Breton et al., 1994; Hood and Birch, 1994) , which is proportional to the activation phase of the rod photocurrent (Hagins et al., 1970) . Thus, much of the current research in the area of phototransduction is focused now on characterizing the recovery phase of photoresponses and on linking measured photoresponse recoveries IO underlying biochemical events.
A particularly salient feature of the recovery phase of the flash responses of many rods is that they are approximately isomorphic over a substantial intensity range, from flash intensities that just saturate the response to magnitudes one or more log units higher. Moreover, the isomorphic response recoveries translate on the time axis with a characteristic linear time increment per geometric increase in photnisomerizations (Hodgkin et al., 1984; Pepperberg et al., 1992) . This translatory behavior of the recovery phase of individual rods is consistent with the hypothesis that the isomorReceived Aug. 14, 1095: rcvisetl Sept. 28, 1995; acccptcd Oct. 2, 1995 phic recoveries reveal that the transduction mechanism-both activation and inactivation-preceding cGMP hydrolysis is responding linearly to light, and that an overall "effective" or "dominant" time constant for the linear process can be estimated from the increase in recovery time per e-fold increase in flash intensity (Baylor et al., 1974; Adelson, 1982; Pepperberg et al., 1992) . Based on bovine light-scattering signals attributable to G-protein activation, on recordings from amphibian rods and, recently, on the analysis of human ERGS, it has been argued that the dominant time constant corresponds to the inactivation time of the cnzymatically active form of rhodopsin, having an effective Iifetime of -2 seconds (s) (Pepperberg et al., 1992; Birch et al., 1995) . Rodent retinas have been a mainstay of mammalian retinal research for some time and, indeed, it was the work of Hagins et al. (1970) and Penn and Hagins (1972) on albino-rat retinal slices that established the existence of the dark circulating currents of rods. That same work also enunciated the hypothesis that the blockage of the rod circulating current gcncratcd the field potential known as the a-wave of the ERG. With the availability of mice having knock-outs of, or transgcncs for, proteins implicated in the phototransduction cascade inactivation (Chcn et al., 1995; Goto et al., 1995) , the utility of having a method of measuring rod response recovery kinetics noninvasively in mice is greatly increased. Thus, in this invcstigatinn we have pursued the goal of characterizing both the activation and inactivation phases of murine rod photoresponses by measuring the a-wave of the ERG in response to individual and paired flashes.
MATERIALS AND METHODS
Origin of the murine ERG u-wave in the circulating current of the rocks Figure  1 (Frishman and Steinberg, 1989) . The hemispherical diffusing element had the recording electrode embedded in its outer rim and was pressed gently against the eye, which was covered first with a thick layer of methylcellulose solution that provided protection for the eye and electrical contact. The optical channel with the 20 ~LS flash unit was used for single-flash experiments and for the initial test flash in the two-flash stimulation paradigm.
The channel with the 1 ms flash was used to deliver the second flash that probed the residual a-wave amplitude in the two-flash experiments. to create a uniform illumination of the retina, the quanta1 flux entering the pupil from different angles must be uniform.
To determine the angular dispersion of the light emerging from the diffusing element, a special tubular probe was made and fitted to the photodiode; this probe limited the angular subtense of the light it collected to ~2". Measurements made with this probe are illustrated in Figure 1 , C and D, and show that for the region of the diffusing element that surrounded the mouse's pupil, the intensity was approximately isotropic at that plane. Calibrations of the irradiance at the pupillary plane were made regularly throughout the period of experimentation.
All flash intensities in this paper are reported in units of photoisomerizations per rod (@). Our estimation of CI, assumed that all photons entering the mouse's pupil either are lost in transmission or are distributed uniformly over the photopigment layer of the retina. We computed @ with the following formula:
where A is the wavelength of monochromatic light, Q(h) is the measured photon density at the pupil plane, r(h) is the transmission coefficient of the ocular media and neural retina, S,,,,r, is the area of the dilated pupil, S,,,,,;, is the surface area of the retina, and a,(h) is the collecting area of an individual rod. Values for the parameters in Equation 1 were taken from the literature on mouse and rat as follows. Alpern et al. (1987) estimated that ~(500 nm) = 0.68 for the albino rat. If, as reported by Alpern et al. (1987) for the rat, most transmission loss occurs in the neural retina of the mouse, then despite the much smaller lens we would expect ~(500 nm) to be only slightly higher in the mouse; thus, we assumed ~(500 nm) = 0.7. Based on the data of Remtulla and Hallett (1985) and our own observations, the fully dilated pupil of the adult mouse was taken to have a diameter of 2 mm; thus, we obtained S ,,",, I, = 3.14 mm'. Again, based on the data of eye size by Remtulla and Hallett (1985) we took the neural retina at the level at which light guiding into the receptors occurs to be a hemisphere of radius of 1.5 mm; the total surface area of the retina, S,.,;,,,, thus was estimated to be 14. n,(h) ~ [I -. 10 ')'"'lY,
where II(h) is the i/7 .si/u density of rhodopsi n i n the retina, y is the quantum efficiency of photoisomeriLation, and (r is the surface density of rods (in rods/mm') at the inner-scgmcnt lcvcl at which wavcguiding into the ~roda commences.
In 
where @ is the number of photoisomerizations per rod produced by the flash at time t = 0, A is a parameter having units of s~'/Q', which is characteristic of rods of a given species and which is constant for low-tomoderate intensities, and t,, is a brief "pure delay" that incorporates the effects of several "microsteps" in the activation reactions. The amplification parameter A can be expressed in terms of the gains of the biochemical activation stages:
vRc is is the A = VRGCGPPsubn.
the rate at which a single, fully active R* activates G-proteins, cop coupling efficiencv between activated G-nroteins (G*) and PDE catalytic sub&s (Lamb: 1994), Psub is the rate constant of a single, fully active catalytic subunit of the PDE, and n is the Hill coefficient of the cGMP-activated current. As we will show, this expansion of A into its component gain factors plays an important role in the diagnosis of the mechanism underlying a rapid increase in recovery times for @ -3000.
The hypothesis linking the measured a-wave component of the ERG, a(t), to the photocurrent response is that the retinal field potential underlying the a-wave is directly proportional to the photocurrent (Hagins et al., 1970; Penn and Hagins, 1972) . This linking hypothesis can be expressed as follows:
where a(t) is the experimentally measured a-wave (in pV) and aman is its saturated amplitude. The parameter t& is t,, (compare Eq. 1) augmented by the membrane time constant and by any delays introduced by the low-pass characteristics of the recording instruments. In the first line of Equation 2, we have made the substitution t' = t -(t& -t,J. Previous work in mammals has shown tkff to be on the order of a few milliseconds when adequate recording bandwidth is used. Equation 6 was fitted to the a-wave data with least-squares methods as described in Breton et al. (1994) . Accordingly, a,,,,, first was estimated from the amplitude-saturated responses to intense flashes. Then with amax fixed the a-wave traces were fitted with Equation 6 with two methods. The first method is "ensemble fitting": for low-to-moderate intensities, entire families of responses were fitted simultaneously with A and varied tke to find the best-fitting curve by the least-squares criterion to the entire response family. For our data (see Fig. 3 ) this method worked extremely well for data sets in which a number of responses for each intensity could be averaged, and also for Cp s 10,000. Above this latter intensity, both A and t&begin to decline, and the traces must be fitted by the "individual fitting" method.
In the individual fitting method, each trace is fitted with Equation 6, allowing both A and t;e to vary for each trace fitted. This method allows the predicted constancy of A at low-to-moderate intensities to be examined and is more suitable when the individual traces are single responses (and, therefore, more likely to exhibit some deviation from ideality).
A decline in A and tie at higher intensities was expected based on analysis of the biochemical cascade (Lamb and Pugh, 1992) and on earlier investigations of human a-waves (Breton et al., 1994) . Nonetheless, even for high intensities Equation 5 has been shown to provide a useful parametric summary of the a-wave traces. In particular, the dependence of A on @ can be characterized empirically by a Weber-like saturation function (Breton et al., 1994) :
where A, is the constant value of A at lower intensities, and @'1,2 is the intensity at which A declines to half-maximum. The Gaussian formula, Equation 6, in combination with Equation 7, also yields a parametric characterization of the rate-saturation profile. 
RESULTS
Characterization of the activation phase of the murine ERG a-wave Figure 2 shows a family of ERGS from a single mouse in a recording session that lasted -1.5 hr. Each record is the average of several flashes. Prominent features include the cornealnegative initial phase (the a-wave, alias fast-PIII), the positivegoing b-wave that follows, and the robust oscillatory potentials. Our concern is with the a-wave, the maximal amplitude of which for the most intense flash for this animal was 450 pV. For the data of the 11 mice reported here, amax = 464 -C 135 PV (Table 1) .
In Figure 3 we replot the a-wave component of each response shown in Figure 2 , with the traces now normalized by the amplitude of the response to the most intense flash (a = 2.15 X 105). The a-wave traces exhibit both amplitude and rate saturation. The amplitudes of the responses to the two most intense flashes differed by <5%, and their maximal rates of rise were essentially indistinguishable despite a twofold difference in flash intensity. The data in Figure 3 have been fitted with the theoretical model of the activation phase of the cascade. In this case, the eight responses to flashes producing CD = 54-1.38 X lo4 were fitted simultaneously with Equation 3: the values of the two parameters characterizing the curves best-fitting these traces wereA = 5.6 sp2 and t& = 3.6 ms. The apparent values of A and t& for the responses to more intense flashes decline; thus, the responses to the more intense flashes were fitted individually rather than as an ensemble. For these cases, the fitted curves provide a convenient way to estimate the maximal rate of rise, (l/u,,,)du/dtl,,,, as a function of @ and to estimate the approach of the maximal rate to its saturated value (see Materials and Methods). Figure 4 summarizes a body of data obtained from normal mice in which recordings such as those shown in Figure 2 were done, and the analysis of Figure 3 was applied. Figure 44 shows that the maximal rate of rise saturates: the saturated rate of rise is -600 S -', and the intensity that produces the half-saturated rate is Figs. 5-7) . Column 9 gives the estimate of the intensity at which recovq linearity breaks down, as described i n Figure 8 . The single-flash data of row 1 were obtai ned from five animals;
for their data, A, was estimated with the "individual fitting," and the table entries give the averages ow animals (i.e., each animal's data gave one estimate of a,,,.,x, A,,, and f&). All the other estimates were obtai ned with the "ensemble fitting" method i n which the traces were fitted simultaneously.
-105. These values are comparable with those reported previously by Penn and Hagins (1972) for albino rat. Figure 4B shows the estimates ofA. These estimates were constant for each animal for @ < 10,000, but declined thereafter. Table 1 provides a summary of the results from different animals.
Measurement and characterization of the recovery phase of the a-wave Figure 5 illustrates the protocol we used to determine the recovery phase of the photoresponse with pairs of flashes. The top of the figure presents a series of ERGS in which an initial flash produced Q = 320 photoisomerizations; at various times from 0.2 to 1.5 s after the initial flash, a second, more intense flash (@ = 45,000) was delivered to probe the residual a-wave amplitude. The intensity of the probe flash was selected so that it produced a near-maximal a-wave amplitude when given alone ('probe alone; compare Fig. 2 ) although at the same time gave a tractable time for complete readaptation. In the bottom of Figure 5 , we plot the complement of the residual a-waves (filled circles), which is expected to be proportional to the amplitude of the rod-circulating current. Along with these symbols, we plot two continuous traces of rod responses from mammalian rods obtained in response to flashes estimated by the investigators, who obtained them to the data is a rate-saturation function obeying the formula dR/dtl,,, = dR/dtl,,, [@/(@ + @r,J]r", where R(t) = a(t)/a,,,, with dR/dtl,,, = 600 SC' and Q,,, = 1.36 X 10'; this relation can be derived from Equations 6 and 7. B, Estimates of the amplification coefficients of a-wave data. Different symbols represent data of different mice. Points plotted below Cp = 10,000 that lie on a straight line were estimated with the ensemble fitting method, in which an entire family of a-waves was fit simultaneously as in Figure 3 . The larger open symbols with the dots in the center represent the averaged data of five different animals, the a-wave traces of which were fitted individually; the error bars are il SD. The theoretical curve drawn through the data is a Weber-saturation function given by Equation 7, characterized by the parameters A,, = 7.2 sm2 (constant value at lower intensities) and @r,, = 1.36 X 10s. The points in A and B are in 1:l correspondence according to the Gaussian formula (Eq. 6). However, A emphasizes the rate-saturation behavior, whereas B emphasizes the constancy of the amplification coefficients at low-to-moderate intensities. January 15, 1996, 76(2) Note that a single time axis is used for both the top and bottom. Shown as the thinner black solid line is the averaged a-wave trace from the data in the top, normalized as usual; the dotted line shows the predicted extension of the a-wave trace obtained by the fitting of Equation 6 to the activation phase, as in Figure 3 . The thicker gray line is taken from the recordings of Penn and Hagins (1972) of isolated rat retinas at 36°C and was estimated by them to produce Q = 300 (the trace was obtained by scanning the published figure) . The thicker black truce is taken from the recordings of Baylor et al. (1984; their Fig. 1 ) of an isolated monkey rod; it is estimated to have produced Cp = 417 based on an assumed side-on collecting area of 2 km*. (The entire family of traces from which this latter trace was taken was provided by Dr. Schnapf, University of California, San Francisco.)
produce approximately the same value of Q, as the initial flash delivered to the mouse.
In Figure 6 we present a family of response recoveries obtained with the two-flash protocol illustrated in Figure 5 in the same experimental session. The intensities of the initial flashes ranged from Q = 160 (leftmost data set, open circles) to @ = 20,200 (rightmost data set, filled ttiangles); we replot the data from the bottom of Figure 5 (black-filled circles). For flashes estimated to produce Q = 2560 or less, the response recoveries are isomorphic, i.e., they have the same shape but are translated on the time axis. The isomorphic recoveries also obey a quantitative law in which geometric increments in @ produce linear increments in the recovery half-times.
This latter quantitative law is illustrated in Figure 7 , in which the recovery half-times are plotted as a function of @ on a semilog plot for five animals. Here we have fitted straight lines to the . An entire family of reconstructed response recoveries. Data points (symbols) show eight members of a family of a-wave response recoveries to initial flashes reconstructed in the same manner as illustrated in Figure 5 and producing, from left to right : Q, = 160; 320; 640; 1280; 2540; 5080; 10,100; and 20,200 . The data points have been connected by cubic splines. (These data are from the experiment of Fig. 5 ; the data points from the bottom of that figure are repeated as the second set from the left in this figure. ) Note that the response recoveries to the four least-intense flashes are isomorphic but translated on the time axis and that subsequent recoveries have a prolonged time course.
recovery half-time data of animals over the intensity region corresponding to the isomorphic recoveries.
DISCUSSION
Reconstruction of the murine rod photoresponse from the ERG Our results show that it is possible to recover both the activation and inactivation phases of the murine rod photoresponse from the a-wave component of the ERG. Whereas the identification of the a-wave with the activation phase of the rod response has been accepted for many years (Penn and Hagins, 1972) only recently has its activation kinetics been characterized in terms of models of the rod response (Hood and Birch, 1990a,b, 1994; Breton et al., 1994) and only very recently has the recovery phase been reconstructed from the human ERG (Birch et al., 1995) . Our analysis has extended the investigation of Birch et al. (1995) in the following ways: (1) by examining the recovery time courses to moderate intensity flashes at interflash intervals of <l s (Figs. 5, 6 ); (2) by providing evidence of consistency of the shape of the recovery with published mammalian photocurrent responses at comparable values of @ (Fig. 5) ; and (3) by demonstrating that the recovery kinetics is isomorphic for moderate values of Q, that do not saturate the initial a-wave amplitude but that are expected to saturate the amplitude of the rod photocurrent (Fig. 6) . Application of the cascade model allowed us to characterize the activation phase of the murine a-wave quantitatively.
We found the amplification constant, A,, to have the value 7.2 rt 1.5 s-"/Q. A previous analysis of the photoreceptor literature estimated A, = 4.0-9.8 sp2 from published photocurrent records of isolated mammalian rods (Pugh and Lamb, 1993) . In fact, analysis of the entire family of monkey rod responses from which the thick black trace in Figure 5 was extracted yielded the value A, = 7.6 se2 (Pugh and Lamb, 1993) (Fig. 8) . Estimates ofA,, based on normal human a-wave data have ranged from 4 to 7 se2 (Cideciyan and Jacobson, 1993; Breton et al., 1994; Hood and Birch, 1994). Figure 5 . Each connected data set (one set of symbols) represents the set of midpoints of recovery for an entire family of recoveries (as in Fig. 6 ) from one animal. The filled symbols were fitted with a linear regressions (solid lines) to estimate rC, the dominant time constant of recovery (the estimates of rC are given in Table 1 ). The points of data that deviate from the linear regression line (open symbols) have been connected with a higher-order regression curve (broken lines). The bottom set of data points is in its correct position with respect to the ordinate; for clarity, the other curves have been offset upward in increments of 2.0 s except for the top set, which was offset an additional 0.25 s. The same symbols are used for the data of each animal in this plot and in Figures 5 and 8 ; the animals are listed as numbers 7-11 in Table 1. The dominant time constant of murine rod photoresponse recovery A body of data is consistent 'with the view that over certain intensity regimes photoresponse recovery kinetics is rate-limited, or "dominated,"
by an inactivation mechanism having a first-order decay (Baylor et al., 1974; Adelson, 1982; Hodgkin et al., 1984; Pepperberg et al., 1992) . Two necessary conditions for the extraction of a rate-limiting time constant from recovery curves are as follows: (1) recoveries must obey translation invariance over some intensity regime; and (2) the incremental translation per geometric increase in Q must be a constant (for review, see Adelson, 1982) . Our data show that these two conditions are met (Figs. 6,  7) . Thus, over the range @ -160-2500, our results are consistent with a dominant recovery mechanism having a time constant rC -200 ms. Our estimate of 7C in mouse is consistent with previous estimates in human (Adelson, 1982; Birch et al., 1995) over the intensity region up to @ = 2500. This later regression curve (solid line) had a slope insignificantly different from zero; a 95% confidence band around the line also is shown. The first two points of each set of residuals that are above the confidence band have been fitted with a linear regression, and the intensity @'bre.k at which "recovery linearity" breaks down has been estimated as the point at which these two-point regressions intercept the upper confidence-band limit (for the data set represented by diamonds, only one point is above the confidence band and, in this case, the line was fitted to it and its nearest neighbor from the data set; triangles, squares, and circles represent data from different animals). B, Double-logarithmic plot showing calculations of the maximum number of PDE* activated by flashes of the intensity indicated on the abscissa. The calculations were done with Equation 8. The value of vnp, the rate at which each R* activates PDEs, was estimated from the expression I+~ =,4,/&n, where A, = 7.2 sm2 is the grand mean of all estimates of A, in Table 1 (see Fig. 4a PS"b = 4 X 10m4 is the rate constant of a single PDE catalytic subunit in a volume equal to the mouse rod outer segment aqueous space, and n = 2 is the Hill coefficient of the cGMP-activated conductance (see Eq. 5). Predicted lines (slope = 1) are shown for two different values of rn*, the effective lifetime of the enzymatically active form of rhodopsin: the line to the left is for rn* = 290 ms; the line to the right is for rn* = 90 ms. The intersection of these curves with the ordinate value PDE* = PDE,,,, the total number of PDE catalytic subunits in the outer segment, is the value of $,reak predicted by the hypothesis that each G* must bind to an unoccupied PDE, for its terminal phosphate to be hydrolyzed.
< 3000 the average lifetime of R* cannot exceed 200 ms by much in mice.
One account for prolonged recoveries: long-lived but rare R* We offer two hypotheses to account for the prolonged recoveries that occur for Q, > 3000. The first hypothesis is based on the work of Baylor et al. (1984) , who reported that monkey rod photocurrents exhibit prolonged, step-like recovery events for flashes producing @ > 250-2000, depending on the rod. They hypothesized that such events are caused by the low probability of production of R* with much longer than normal lifetimes. Thus, if in mouse rods -1 in 3000 R" has a long lifetime, then flashes producing @ > 3000 should exhibit recoveries prolonged relative to what is expected if TV always were 200 ms.
